Industrial ecology will need to develop fundamentally new approaches to reducing, reusing, and recycling wastes. Industrial ecology will also require an analytic framework for examining the implications for the economic system as a whole of each potential web of industrial changes. A suitable framework is furnished by structural economics, which situates the economy within the physical world. This approach is based on dynamic analysis rather than static concepts of equilibrium, and optimization assumptions are used selectively rather than as the general solution mechanism. Input-output economics, an important formal model within structural economics, can trace the stocks and flows of energy and other materials from extraction through production and consumption to recycling or disposal. An input-output computation, including wastes, is presented; it illustrates the separate but integrated analysis of physical stocks and flows and of prices and costs. This paper also describes the major advances that have been made in the last decade in the extension of input-output economics to address increasingly complex questions, notably the fully dynamic physical/price/income model and the engineering/input-output data base. Economists need to be able to assess the costs of cleaning up and to develop incentive schemes to increase the likelihood this will happen. To do this, economists need to take on the difficult "how" questions that concern industrial ecologists since the cost, and indeed the wider implications, of cleaning up depends upon how it is done. Structural economics, and modern input-output models and data bases, in particular, can help meet this challenge.
Introduction
Ayres (1) conceived of industrial metabolism as a systems approach to modifying the production, use, and disposal of goods to greatly reduce the generation of wastes by applying lessons from the natural world. This is also the basic idea in what Frosch and Gallopoulos (2) have called industrial ecology. Industrial ecology is intimately related to human ecology because significant reductions in waste will require changes in people's private and social habits and not only in industrial life cycle planning and production. Industrial ecology, however, provides a useful starting point.
Although it is generally difficult to judge the future success of a new concept, industrial ecology appears uncommonly promising. Reducing waste can simultaneously conserve energy and other materials of mineral and biological origin, save money, and reduce pollution. The biological metaphor can suggest specific ideas for efficient ways of processing materials, and the biosystem also serves as an important example of a complex system that has evolved in such a way that wastes are reduced and recycled as the system proceeds to a higher degree of organization. There is no reason to believe, however, that the principles ofindustrial ecology will automatically be adopted.
Natural systems evolve over long stretches of time, and false starts are weeded out by trial and error. Actual outcomes may be optimal responses to particular narrowly defined problems; but it is not clear what the "optimal" evolution of an entire ecosystem might mean, and there is no mechanism assuring its occurrence. In human affairs, social institutions are dominant agents of selection. They also proceed by trial and error and are able to respond optimally to certain problems, especially problems that are narrowly defined and have short-time horizons. In particular, the economic marketplace is an efficient mechanism for selecting alternatives that are immediately profitable (i.e., cost saving) for individual decision makers. The marketplace is certainly not the only relevant institution: Ayres (3), for example, has argued the importance of the role of government in assuring the ecologically sound evolution of an economy. Nonetheless, an outcome that contradicts the logic of the marketplace over the long term is not likely to be sustainable.
The challenge to industrial ecology, then, is 2-fold. (i) Industrial ecology needs to generate workable concepts and actual methods for reducing wastes, and recycling those that are generated, in a wide range of situations. The subject matter of industrial ecology is likely to involve studies and demonstrations regarding technical changes in manufacturing activities (particularly those concerning the processing of materials for the production of goods) combined with an increased role for maintenance and repair activities in the use of these goods and new service activities (particularly those related to designing, installing, and operating new systems). Some of these changes may be sufficiently profitable from a short-term private point of view that they will be adopted with little if any political or legal involvement. These, however, are not necessarily the most important options from a system-wide or from a long-term point of view.
(ii) Industrial ecology also needs to include a coherent operational framework for examining potential long-term advantages and disadvantages of alternative webs of industrial changes and identifying the short-term bottlenecks that may emerge. These studies will provide the kind of information required both for public debate and decision making and for private calculations about requirements and opportunities. These debates, decisions, and calculations are necessary for the development of markets and as input to the various other social institutions that have a stake in industrial ecology.
Industrial ecology can benefit from several decades' worth of experience with the analysis of industrial interdependence. This body of work makes use of operational system-wide Abbreviation: BOD, biological oxygen demand.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. frameworks for describing and analyzing the interrelationships among individual production processes and the associated flows of materials. The following sections of this paper describe an input-output framework that can play this role. Section 2 contains a description of structural economics, which provides a conceptual context for the input-output model of an economy. A simple but illustrative input-output computation is given in Section 3, and Section 4 describes more elaborate models and some relevant applications. The final section explores the ways in which a modern, dynamic input-output model and data base can contribute to advances in industrial ecology.
Structural Economics
Like industrial ecology, structural economics is an emerging framework combining old and new ideas to help understand and deal with current issues, including environmental pollution. The differences between structural economics and "mainstream" economics are mainly differences of emphasis. One broad perspective about structural economics is offered in the editorial statement of ref. 4 . What follows is a more personal view.
Structural economics is concerned with a detailed, disaggregated description of an entire economy in terms of its concrete and observable constituent parts and their interrelationships. Prominent among these constituents is the material infrastructure of a society. This includes not only natural objects like soil and those made of bricks and mortar but also more abstract components of an economic system such as specific technologies and social institutions. Because some of these components are not fundamentally economic objects (unlike prices or interest rates, which are), the work of the structural economist typically crosses disciplinary borders.
A structural perspective can be formalized in a mathematical model; in fact, the input-output modeling framework that will be discussed below is a prominent example. However, structural economists explicitly acknowledge qualitative issues that are often difficult to formalize but essential to take into account, at the outset, in the formulation of the important relevant questions and, later, in the evaluation of formal results. Structural economists study the material world and, because of this empirical commitment, are concerned with information and data; these are described and measured in physical units [e.g., tons (1 ton = 908 kg)] as well as in money values when the latter have meaning. Even a formal data base, to be analyzed with a formal model, is built largely "by hand" and not manipulated only mechanically.
Structural economics is concerned with structural change and, therefore, with dynamics rather than only, or mainly, with static analysis or with "equilibrium" states. Because of the empirical foundation, the interest is with real historical time and with the future as much as the past. Interest is typically in the longer term more than the short term, and the focus on technological and institutional structures provides a firm basis-a "handle" -for projecting parameters several decades into the future according to alternative assumptions about structural changes.
Many of the economic mechanisms are the same as in mainstream (or neoclassical) economics but with one fundamental difference. In neoclassical economic models, a variety of optimization problems are solved simultaneously under a system of constraints that is expected to yield a unique solution. (In the application of game theory to economic problems, the multiplicity of Nash equilibria is a matter of great concern.) The formal structural economic models, on the other hand, are used so as to yield a set of possible solutions rather than a single optimal one. Within the set, 
p'y = V 'X. [1] [2] [3] The equations relate A, the matrix of structural input-output coefficients ( 
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This means that slightly less food and fewer machines are required, and significantly less waste water is treated, than in the first scenario. The amount of residual sludge can be computed to fall from 2.1 to 1.9 tons. Less work is done, prices decline, and national income falls from $1294 (in the other computation) to $1092. The two scenarios can now be compared: Scenario 1: $1294 income and 2.1 tons of residual sludge. Scenario 2: $1092 income, 200 gallons of high-BOD wastewater dumped, 200 gallons of low-BOD wastewater dumped, and 1.9 tons of residual sludge. Thus for an additional outlay of $202 (covering the production costs of an additional 0.7 ton of food, 1.4 machines, and the processing of an additional 2.3 x 100 gallons of high-BOD water and 3.9 x 100 gallons of low-BOD water) and the toleration of an additional 0.2 ton of sludge, it is possible to avoid dumping 200 gallons each of high-and low-BOD waste water.
Note in this comparison that the amount of consumption remains the same at 10 tons of food and three machines. In this example, prices are higher when more water is treated: almost 20o higher for a ton of food ($110 compared to $92) but only 6% higher for treating a ton of low-BOD water. Complete flow tables with unit prices for the two scenarios are given in Tables 1 and 2 .
It will sometimes be the case, as in this example, that increased processing of wastes will be accompanied by disposal of (i) smaller quantities of raw pollutants, (ii) greater quantities of concentrated residuals, and (iii) greater costs. Of course, there will also be opportunities for reducing the use of water and the accumulation of solids in it or of recovering economically useful products from the waste stream. In these cases, less pollution can be consistent with lower rather than higher costs.
In this framework there is no attempt to find the "optimal" amount of water to dump or even to determine which of the two scenarios is "better" because this is deemed to be not exclusively an economic decision. The method makes it possible to examine the physical and economic implications of technically feasible scenarios rather than screening out all but one. It is in particular possible to experiment with changes in input structures that might reduce water usage in production or recover products of economic value. Use of this framework requires that more information be obtained and manipulated by the analyst and that a more complex set of results, involving economic and environmental trade-offs, be evaluated. Hopefully, a deeper understanding of the trade-offs is obtained. The results and conclusions can subsequently be simplified for other purposes.
A More Complete Input-Output Framework
Over the past decade considerable progress has been made in extending the input-output framework beyond the simple static model and the accounting data base. The scope of the model has been broadened to be able to address a larger part of the complexity of the real-world issues in a systematic and integrated fashion; these are summarized by Duchin (7) . The data base has been extended in parallel: the data structure is no longer a simple matrix and the nature of the data has been transformed to accommodate not only accounting data, describing business transactions that took place in the past, but also technical information obtained directly from technical sources.
The single most important extension to the model has been the dynamic input-output model, which provides a framework for describing and analyzing changes in the economy over historical time. The dynamic physical model represents stocks of specific capital goods and investment in them while the corresponding costs and returns are explicit in the dynamic price model. The changing technical coefficients in both models, taken up again below, represent technological changes. The model and data base jointly provide an extremely rich framework for investigating the potential contributions of specific recommendations issuing from industrial ecology.
An operational version of the dynamic input-output model is relatively recent (8) (11) . Among other results, this work helps to distinguish the circumstances under which formal optimization is usefully employed and those in which its automatic use would be highly misleading: the latter is true, for example, for the choice of technology in instances of qualitative changes in output.
A third major extension is a model of the world economy that includes international flows of goods, services, financial capital, and people. There are several models of the world economy in operation today although there is still a significant gap between the theory of international exchanges and its implementation. The World Model and World Database, the input-output framework under development at the Institute for Economic Analysis, is being used to investigate strategies for environmentally sound economic development over the next 50 years (United Nations Contract CPTS/ CON/103/90; see also ref. 12 ).
The incorporation of technological information into an input-output database is an area that is ripe for significant development especially in Japan where the collaboration of engineers with economists is being systematically supported.
Early work along these lines was carried out at the Battelle Columbus Laboratories; an example is their report on the economic effects of metallic corrosion (13) . Subsequent work at the Institute for Economic Analysis also incorporated and documented technical information, especially about computer-based automation, and a formal data structure for absorbing this kind of information is described by Duchin (14) . An approach for the kind of studies that will be needed for data development, this one focused on the conversion of biological materials and wastes to useful products, is described by Duchin (15).
Implications for Industrial Ecology
Raw materials undergo various stages of processing into finished products whose life cycle can end in different ways. The use of the constituent materials can be reduced at the source and materials used can be recovered for reuse in similar applications or, at least, in less demanding applications. The following questions will surely be posed to economists:
* How much will it cost to reduce wastes of particular materials? * Will the value of the benefits be greater than the cost? * Who would end up paying? * What financial incentives, tax schemes, legislation, and international agreements could assure that the "optimal" amount of recycling takes place?
These questions are undeniably important and will need to be addressed in many specific instances. However, before plausible credible answers that provide a firm basis for long-term action can be forthcoming, there is a prior set of questions that needs to be addressed: How would this source reduction and recycling be achieved?
This question of "how" has been largely ignored, or represented mainly symbolically, by economists for two different but mutually reinforcing reasons. First, an economic analysis is generally based on the conviction that individual decision makers have the right and are the best informed parties to decide for themselves the "how" question: what techniques they will use for production and consumption. The decision-makers' ingenuity to constantly seek out the best approach consistent with cost minimization is said to be unleashed if decision makers are provided with incentives but not constrained by prescriptions. Therefore, the analysis usually focuses on incentives and not on techniques. In this view, the "right" incentives can make it possible to achieve virtually any social objectives. If the prices are right, new techniques will be forthcoming.
This type of reasoning has proven fruitful in many contexts, especially those involving adjustments to small changes in the economic environment within a relatively unconstrained physical environment. But these mechanisms 854 Colloquium Paper: Duchin are not adequate for dealing with problems that may require significant departures from current practices and may run up against significant feedback between the physical and economic systems. The analysis ofalternative techniques in their interaction within the economic system can provide invaluable input to industrial ecology and can also serve as the basis for the subsequent development of incentive schemes, legislation, and international agreements, as well as for identifying bottlenecks in research and development that will not be resolved in a timely fashion by private markets. Once this work has been done, the market mechanisms can often be relied upon to do their job.
If it were possible to carry out the analysis without entering very deeply (if at all) into the technical characteristics of specific methods for reducing pollution, the analysts' job would be greatly simplified. The fact that it is simpler is the second principal reason why it is usual to avoid or minimize a technical analysis. The dynamic input-output approach provides the framework for a systematic detailed representation distinguishing specific alternative techniques; but this potential has barely been developed. In addition, the representation of specific alternative techniques requires a great deal of data and other information that need to be collected, evaluated, and organized. This data work is costly, timeconsuming, and not the most glamorous part of an economist's work. Furthermore, it requires technical expertise, usually associated with engineers and applied natural scientists. For a collaboration of economists with engineers and applied natural scientists to be fruitful, economists need to lay the foundations for separate, but integrated, analyses of physical stocks and flows on the one hand and of costs and prices on the other. Then engineering and other technological considerations can be directly represented in physical terms and their costs can be evaluated in price computations.
It is time to take on this challenge. There is no precedent for carrying out this type of work at a large enough scale to come to terms with major real-world problems such as those that will be taken on by industrial ecology. Such an undertaking will require significant funding and an unusual institutional setting in which team-based interdisciplinary research can flourish.
Despite the difficulties, there are compelling reasons for taking up the "how" questions. It is simply not possible to estimate the cost of, say, a 50% increase in reuse of all materials without specifying how the reductions might be achieved in a particular economy. It might be infeasible by any or all means in which case any agreements to these ends will simply never be fulfilled. In cases where there are several feasible approaches, the different alternatives will feed back on other sectors, on the environment, and on the standard of living in substantially different ways that need to be included in a realistic analysis.
Once plausible scenarios about how to proceed are formulated and quantified, the monetary and nonmonetary costs and benefits need to be computed. On the basis of these results, those scenarios with results that prove interesting from both environmental and economic points of view can be identified. Scenario outcomes can help inform realistic business strategies and environmental targets with the understanding that these strategies and targets are potentially achievable. There is no reason to attempt to impose adoption of the particular technologies represented in the scenarios; the marketplace may be able to do better now and is likely to be able to do better in the future. Dynamic price and income models can at this point be used to experiment with alternative incentive schemes, based on comparing the costs of proceeding in different ways, and tax schemes, based on social consensus about who pays for what.
The importance of a physical basis for economic analysis is particularly clear when one is concerned with alternative arrangements for the handling of materials and their effects on the environment. However, the advantages of asking the "how" question, and of calculating physical as well as economic outcomes, will also enable a more realistic assessment of production alternatives more generally. The familiar objectives, say a particular target rate of growth of the gross domestic product, can be achieved only by specific concrete actions. The latter may require production, domestically or abroad, of selected capital goods to be used in specific sectors of the economy. Different approaches to satisfying food, material, and energy requirements, in particular, impact nutrition and health, the resource base, and the quality and availability of soil and water. Within a dynamic input-output framework, we can begin the investigation of different physical arrangements and their economic implications.
